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ABSTRACT 


An attempt has been made to identify tropical waves with 


periods less than 20 days in the Indian Ocean by spectrum 





analysis of radiosonde data for five stations, widely scat- 
tered over the Indian Ocean area. The data used is for the 
period from January to September, 1973, which was further 
divided into two 7; seasons, overlapping in May due 
to consideration of the monsoonal shift in the mean flow. 

Three spectral peaks in the 10-17 day, 6-7 and 4-5 day 
ranges have been detected. However, only the 10-17 day fluc- 
tuations seem to be prominent and appear consistently at all 
stations in both seasons. Cross-spectrum analysis reveals 
a basically in-phase structure in the vertical in the lower 
troposphere and reversed phase at upper levels. Evidences 
also indicate a northwest-southeast tilt in the Northern 
Hemisphere and a northeast-southwest tilt in the Southern 
Hemisphere. Inter-station cross-spectra and theoretical 
considerations suggest an estimated horizontal wavelength 
of approximately 3,000 km with a westward propagation direc- 
tion. 

Due to ie WGuigea number of available stations and the 
quality of data, these results are eoneddered tentative and 


further study in this area is suggested. 
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I. INTRODUCTION 


In the past 30 years, numerous attempts have been made 
to identify and develop models of large-scale wave distur- 
bances in the tropics. Riehl (1945, 1954) was among the 
first to study these disturbances. He observed what he 
termed “Waves in the Easterlies" or “easterly waves" through 
Synoptic map analysis. The identification of the easterly 
waves and documentation of their associated weather patterns 
and changes were the focal points of these early studies. 

The early synoptic approach has had -. limitations 
due to the lack of density of reporting stations at low 
latitudes, and further because of the lack of an adequate 
theoretical framework. Also, the validities of these case 
studies are quite limited because of the sample size. 

The use of spectrum analysis has been found to be an ef- 
fective alternate approach by a number of researchers in the 
last six years. By use of high speed computers, a great deal 
of quantitative statistics can be compiled on the character 
of tropical waves. Through the inspection of the power spec-— 
trum distribution, it is possible to identify and isolate 
major fluctuation periods in the data. Then, by application 
of cross-spectrum analysis, the correlation of pairs of time 
series as a function of frequency, one may deduce the struc-— 


ture of these fluctuations and evaluate their significance. 





To date, the most extensive research using spectrum anal- 
ysis has been done in the tropical’ Pacific Ocean because of 
the existence of a relatively good observational network. The 
two groups which have contributed significantiy in this area 
are Yanai and his collaborators at the University of Tokyo 
who used data from Central Pacific stations; and Wallace and 
his collaborators at the University of Washington who used 
Western Pacific stations. Both groups consistently found a 
wave period of 4-5 days, suggesting that they might be iden- 
tified as easterly waves. Yanai et al (1968) and Nitta 
(1970) estimated the horizontal wavelength of these waves to 
be 6,000 - 10,000 km while Wallace and Chang (1970), Chang 
et al (1970) and Wallace (1971) set their estimate of the 
wavelength on the order of 4,000 km. 

In addition to the 4-5 day period, Wallace and Chang 
(1969) found 10-15 day fluctuations with a Retain wave- 
length of the order of 10,000 km in the zonal wind component. 
Later, Yanai and Murakami (1970) also found fluctuations in 
this component with periods of ten days and longer at most 
of the Central Western Pacific stations that they studied. 

Studies in other areas have also been carried out. 
Krishnamurti and Kanamitsu (1972) identified cold-core waves 
in the lower troposphere over the Caribbean Sea with a west- 
ward propagation of six degrees per day. Burpee (1972, 1974) 
has done extensive work using spectrum analysis for stations 
in northwestern Africa during the Northern Hemisphere summer. 


Again, he found a dominant fluctuation of 4-5 days with a 
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horizontal wavelength of 1,900 - 4,100 km. These waves pro- 
pagate westward with a maximum amplitude at 20° at 25° north. 

So far, the studies in the Indian Ocean appear to be in- 
paequate, Parker (1973), in a spectral study of 100 mb winds 
over Gan attempted to identify the equatorial Kelvin waves of 
wavenumber one in the lower stratosphere and upper tropo- 
sphere. He did find downward propagating waves similar to 
the Kelvin waves; however, they have a Se ee greater 
than a month which is somewhat longer than the Kelvin waves 
observed by Wallace and Kousky (1968). Rao and Murty (1972) 
attempted to identify the equatorial waves, which were de- 
scribed by Yanai and Murakami in the tropical Pacific, over 
the area east of the Indian Ocean. They found some evidence 
to believe that such waves do indeed exist in their region of 
study. The stations included in their analysis were Singa- 
pore, Byan Lepas and Saigon. Results of spectrum analysis 
in this study show some indication of a 4-5 day period wave, 
but lack of vertical correlation of power spectral peaks for 
the same parameter at each station tends to indicate some 
uncertainty as to the significance of the 4-5 day fluctua- 
tions. 

In view of the lack of understanding for tropical waves 
in the Indian Ocean, the purpose of this study is to use the 
limited observational network available in this area to carry 
out a spectral study, in the hope that some new information 


would be found and which may be helpful for further studies. 
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II. DATA AND ANALYSIS PROCEDURE 


Radiosonde data for the eight Indian Ocean stations 
listed in Table I were first obtained from the National 
Weather Records Center at Asheville, North Carolina. One 
year's data, beginning in October of 1972, had been requested 
to coincide with the expected assumption of sounding duty by 
the United States Navy at Diego Garcia in that month. This 
small British-owned island is centrally located in the Indian 
Ocean. Its position and those of the surrounding stations 
for which data was requested are suitably oriented for inter- 
station analysis. As seen in Figure 1, there is good north- 
south and east-west pairing of stations. 

However, upon inspection of the raw data prior to analy- 
sis, it was quite noticeable that Diego Garcia, Diego Suarez 
and Djakarta had reported so infrequently that these three 
stations had to be eliminated from the study. The decision 
was then made to continue to examine the other five stations 
because of the reasonable relative positioning of Gan, Mini- 
coy, Singapore and Cocos Island. Dar-es~Salaam was also 
included for single station analysis. The use of only these 
stations meant that, due to the large separation between 
them, the horizontal structure of the waves deduced must be 
considered tentative. 

Time series were generated from all remaining stations 


for twice daily reports of geopotential, zonal (u) and 
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meridional (v) wind components and temperature at the 850, 
700, 500 and 300 mb levels. In addition, wind and tempera- 
ture were also used at 200 mb and 100 mb and temperature 
only was used below 850 mb. Other data was excluded because 
of the many gaps contained in-them. 

Wind data at Cocos Island and Singapore was, on the 
average, about 70% complete at the levels used while all 
other data averaged nearly 50% completeness. Each time 
series was made complete by straight linear interpolation in 
time for missing units of the series. 

The spectrum and cross-spectrum analysis was performed 
on the IBM 360 computer at the W. R. Church Computer Center 
of the Naval Postgraduate School. The program used was 
BMDO2T of the UCLA Biomedical Statistical Program Package, 
Fifty lags were used which corresponds to a lag period of 
25 days. For this number of lags, the program gives spec- 
tral information at frequency intervals of .02 cycles per 
day. 

In order to examine and compare the summer and winter 
monsoon periods, each time series was divided into two 
separate periods. In the Northern Hemisphere winter, the 
Indian Ocean is in the regime of the easterly trade winds 
found all year in other tropical oceanic areas. With the 
advent of the summer monsoon, however, the southeast trades 
of the Southern Hemisphere, on crossing the equator, are 
turned by the coriolis acceleration and approach the Indian 


Peninsula, Malasia and Southeast Asia from a southwesterly 
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direction. The seasonal shifts between these two periods, 
caused by the differential heating of land and sea, occur 
sometime in the periods of October to November and April to 
May. Figure 2 gives an example of the spring shift in the 
zonal wind at Minicoy. 

Since it was considered desirable to minimize the effect 
of the shifting periods and yet maximize data use and series 
lengths, the period of October to December, 1972 was elimi- 
nated from the study. The remaining nine-month period of 
January to September, 1973 was then separated into two 
periods of five months each, overlapping in the entire month 
of May. For this study, the two periods can be considered 
representative of the winter season and the summer season, 
respectively. 

Before analysis was performed, each time series was twice 
filtered. First, a two-point running mean was used to elimi- 
nate diurnal fluctuations (frequency = 1 cycle per day). Most 
studies of this nature have not taken this step because the 
power associated with high-frequency fluctuations (greater 
than 0.5 cycles per day) is small, and meaningless as well 
for stations not reporting twice daily. However, because of 
the linear interpolation using OOOOGMT and 1200GMT observa- 
tions interchangeably, this low-pass filter was used only to 
maintain consistency. 

A test run of BMDO2T using data modified only with the 
low-pass filter revealed that all possible spectral peaks 


were obscured by low-frequency oscillations (red noise) 


14 





associated with the monsoon circulation, and that it was 
necessary to again filter the data, this time using a high- 
pass filter. An 89-point Gaussian filter designed by Hollo- 
way (1958) was used. Weights were calculated by the 


expression 


~1/2 


w(t) = (210) eee / 207) 


using a standard deviation, 0 = 8. The procedure used for 
filtering is as follows. If P(I) is the value at a parti- 
cular time in a time series and P(I) is the sum of the 

weighted values, then the new (filtered) series is made up 
of the differences, PCL) t= PGi Be frequency response to 


this filter is given by 


es = exp (-2770° £7) 


and 


ps = 1 Kae 


which is shown in Figure 3. Notice that for periods less 
Bian or equal to 20 days, the response is greater than or 
equal to 952%. 

The filters were applied to the entire nine-month period 
from January to September which consisted of 272 days or 544 
data points. Filtering caused 22 days to be lost from either 
end of a time series. The series was then divided as 
described earlier into two time series of 123 days or 246 


data points. 
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iil. “RESULTS 


A. POWER SPECTRA 

Due to the high-pass filter, spectral estimates for fre- 
quencies .00 to .04 are greatly reduced. Therefore, any 
spectral peak at .06 cycles per day, regardless of how dis- 
tinct it may be, can only be viewed as an indication of 
large power in the low-frequencies,. However, any clear 
spectral peak at frequencies .08 cycles per day or greater 
may be considered meaningful. 

Since 250 power spectrum distributions were generated 
in this study (25 for each of five stations for two seasons) 
and it would require a substantial amount of space to show 
all of them, a code was devised for summarizing the observed 
Spectral peaks. Figure 4 shows the power spectrum distri- 
butions for a number of the time series at Gan in the winter 
season. Near each spectral peak, a digit is placed which 
is descriptive of the character of that peak and how it 
relates to the power distributions at other frequencies. A 
"QO" indicates that the dominant peak is at the low-frequency 
limit of the filter and is indicative only of fluctuations 
Bmeepenriods greater than 17 days. A "J" andicates the largest 
spectral peak, aside from possibly a low frequency peak. A 
"2" represents a peak also to be considered significant but 
with less associated power than the former two. A "3" indi- 


cates a relatively small-power, one point peak in the curve 
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which may not be very Sennen unless it is also supported 
by similar or stronger peaks at other levels or in other re- 
lated parameters. The spectra for all series are summarized 
this way in Tables II - XI. By study of these power spectrum 
distributions, a number of observations can be made. First, 
spectral peaks in three frequency ranges appear to be pre- 
dominant: fluctuations of frequency .06 to .10, .14 to .16 
and .20 to .22 cycles per day. These frequency bands can be 
converted to periods of 10-17 days, 6-7 days, and 4-5 days, 
respectively. Of these three, the 10-17 day fluctuations 
appear to be most significant at each station in both the 
summer and winter seasons. This periodicity can also be 
visualized by examination of many of the time series shown in 
Figures 5-18. It was observed by Krishnamurti et al (1975) 
that the Tibetan High has a periodicity of 15 days. 

Power spectral estimates, averaged across each of the 
three major frequency bands are listed in Tables XII - XVII. 
From these tables, one can determine the level of maximum 
strength of the fluctuations in each time series. Units are 
cr per 27/50 eee for velocities, 07 per 27/50 cone 
for temperatures and mi per 2a 0 eee for geopotential 
height. 

For the 10-17 day waves shown in Tables XII and XIII, it 
can be seen that for most cases, fluctuations in wind com- 
ponents and in geopotential height increase with height while 
temperature fluctuations have minima at 500 mb and maxima 


above and below. On the average, the fluctuations in u and 
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v are of the same order ae and vary from approxi- 
mately 5 m sano" at low levels to 20 m aja or more at 
upper levels. Power is generally greater in u than in v, 
however. Also, in both seasons, there are relative minima 
in the fluctuations in zonal wind at Dar-es-Salaam and Cocos 
Island. Temperature fluctuations are about 2-3°C at 500 mb 
and 5-6°C at upper and lower levels. Geopotential height 
fluctuations vary from 15-25 m at 850 mb to approximately 
400 m in some upper-level series. 

Tables II-XI and XIV-XVII indicate that 6-7 and 4-5 day 
fluctuations have generally less significance, especially in 
the summer seasons. Two exceptions to this are Cocos Island, 
where the 6-7 day fluctuations appear to be prominent through- 
out the troposphere, and at Gan where this same ccc 
is prominent in Leeanceeen time series (see Figure 19). It 
is possible that these shorter period fluctuations may be 
the result of disturbances with spatial scales somewhat less 
than the distances between stations. This is suggested by 
the dissimilarity of features of the spectral estimates in 


these frequency bands among the different stations. 


B. CROSS-SPECTRUM OF 10-17 DAY WAVES 

Cross-spectrum analysis between levels, parameters and 
stations have been carried out with the results on the 10-1/7 
day period range given in Tables XIX-XXIII. These cross-~ 
Spectra were averaged for the .06, .08 and .10 cycles per day 
frequencies. In answer to the question of statistical signi- 


ficance, the degrees of freedom were estimated to be 15 
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taking into account the smoothing of the spectra and the 
averaging of values over a spectral band. It was roughly 
determined that for the 10-17 day fluctuations, coherence 
Square values greater than .15 and .19 are significant to 
the 90 and 95% levels, respectively. These levels were 
calculated using the probability points of distributions 

of squared coherence compiled by Amos and Koopmans (1963). 
Values with significance at less than the 90% level were 
omitted from the tables and phase differences corresponding 
to levels 90 to 95% are shown in parentheses, 

Tables XX and XXI show results from inter-level cross- 
Spectrum analysis between 850 mb and other levels for 10-17 
day fluctuations. In the winter season, there is a phase 
shift of a half cycle at Gan and Minicoy and a quarter to 
a third cycle at Singapore and Dar-es-Salaam between 
meridional wind series at lower (below 500 mb) and upper 
(above 300 mb) levels. This may be considered an indication 
of a warm-core structure. The minima in spectral estimates 
of zonal wind at 500 mb at Minicoy, Dar-es-Salaam and Cocos 
Island observed in Tables XII and XIII support the assump- 
tion of a middle-level node implied by the warm-core struc- 
ture. For those stations not having a minima at 500 mb, it 
Say be because the node is situated between the vertical- 
resolution of the levels used. 

TGS: — sae ever cross-spectrum analysis was performed 
for the 10-17 day fluctuations in winds at 850, 7/700 and 


300 mb and the results are listed in Table XX. At 850 mb, 


a, 





u is observed to be leading v at each station with phase 
differences up to .44 cycle as seen at Cocos Island. The 
larger phase differences at this level occur at Minicoy and 
Cocos Island which are the two stations most distant from 
the equator. This is an indication of a horizontal tilt in 
the waves with the direction of the tilt depending on the 
direction of propagation of the waves. Results of cross- 
spectrum analysis of wind and temperature series yields 
little information due to low significance. 

Zonal and meridional wind components were crossed for 
pairs of stations with results significant to the 904 level 
listed in Table XXI. Unfortunately, many cross-spectra are 
below the significant level. However, from the few remain- 
ing values and from resuits previously discussed, a tenta~ 
tive zonal structure for the 10-17 day waves can be deduced. 
As seen in Figure 1, pairs of Gan-Singapore and Minicoy- 
Singapore are east-west oriented with only a few degrees 
difference in latitudes. The distances between Gan and Singa- 
pore and between Minicoy and Singapore are approximately 
3,400 and 3,700 km, respectively. The 850 mb u component 
at Gan lags that at Singapore by either 104 or 1104 of a 
cycle which can indicate four possible wavelengths. If the 
waves are propagating westward, the horizontal wavelengths 
could be either 34,000 or 3,000 km. If they propagate east- 
ward, the wavelengths could be either 3,800 or 1,900 km. 
Using the information that the 700 mb series at Minicoy lags 


that at Singapore by a fifth of a cycle (or six fifths of a 
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cycle), the possible wavelengths are 9,000 or 2,600 km for 
westward propagation and 6,000 or 2,250 km for eastward 
propagation. 

It is unlikely that the longer wavelengths mentioned are 
really possible because they are not nearly the same between 
the two pairs of stations and because the low coherence 
Square values observed would not be expected for such long 
waves. There are only two reasonable possibilities, then, 
and they are that the wavelengths are of the order of 3,000 
km for westward propagating waves and of the order of 2,000 
km for eastward propagating waves. Now, equatorial wave 
theories [Matsuno (1966) and Lindzen (1967] predict that all 
waves move westward relative to the mean zonal flow except 
Kelvin waves which are prominent in the u component only. 

If one eliminates the possibility that these are Kelvin waves 
because of the observed power in the v spectra, then the only 
remaining possible wavelength at low levels for these 10-1/7 
day waves is about 3,000 km for a westward propagation. 

Cross-spectrum analysis for the other two period ranges 
(6-7 and 4-5 days) were also carried out but the results 


generally fall below the 90% significance level. 
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IV. SUMMARY AND CONCLUDING REMARKS 


Power spectrum analysis has revealed spectral peaks re 
the 10-17 day, 6-7 day and 4-5 day ranges. Of these three, 
only the 10-17 day fluctuations seem to be prominent and 
appear consistently at all stations in both seasons. Cross- 
Spectrum analysis has been used to formulate a possible 
structure of the 10-17 day waves. There is a basically in- 
phase structure in the vertical with reversed phase at 
upper levels. Evidences also indicate a northwest~-southeast 
tilt in the Northern Hemisphere and a northeast-southwest 
tilt in the Southern Hemisphere. Inter-station cross-spec- 
tra and theoretical considerations suggest an estimated 
horizontal wavelength of approximately 3,000 km with a 
westward propagating direction. 

Due to the limited number of available Stations and 


the quality of data, these results are considered tentative 


and further study in this area is suggested. 
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TABLE V. Spectral peaks at Dar-es-Salaam, winter season. 
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TABLE VI. Spectral peaks at Cocos Island, winter season. 
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TABLE X. Spectral peaks at Dar-es-Salaam, summer season. 
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PAapLE XE. 


POWER SPECTRAL ESTIMATES FOR 10-17 DAY WAVES IN THE WINTER 
SEASON. VALUES ARE AVERAGED FOR FREQUENCIES .06, .08 AND 
wo CYCLES PER DAY. 


Station Level u Vv dk GCeagpatentiat 

Gan 850mb Ge? 4:5 ; Ta, 5 
700 G8 425 O:63./ 
500 Pot2 9Ss 5706.6 
300 i ia ero 8 877.9 
200 7926 27.4 

Minicoy 850 Sa a, L3Ge.0 
700 Oh 44 240569 
500 py) Ao Ms 139.7 
300 Zo 96 3657.5 
200 som, 25.7 

Singapore 850 me 5.7 a3 30.3 
700 Ore. 625 0.5 126.4 
5o0 eos 20 «6964 124720 
300 Bee 4.2 - 34.5 2 L406 
200 Poa 9,2 SOs.3 

Dar-es-Salaam 850 feo” Gin! 225.5 BES Brg tt 
700 ioe Seo 2.9 2963..5 
500 Se, Jao We 4 446.5 
300 Zt wi I G2 92. O 848.1 
200 Ziomom2 oO © 0 

Ceeos Ls land 850 POs. “421 24 Oa. 3 
700 lio 1 Sao O.6 Vee. 
500 eo 1250 We7 ee W pal de 
300 ie 29 228 Z4A082.4 
200 ee. Os OS 4 
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TABLE XIII 


POWER SPECTRAL ESTIMATES FOR THE 10-17 DAY WAVES IN THE 
SUMMER SEASON. VALUES WERE AVERAGED FOR FREQUENCIES .06, 
Sean ont O CYCLES PER DAY. 
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Seat Lon Level u Vv T Geopotential 

Gan 850 on 7, I : 2835 
700 iA. 9226 Se 
500 i) ln! aes 2 5a 3 
300 215 6/11. 2 Zo O 
200 608 825 

Minicoy 850 alee 9 1 O28 G24 
700 Waeeerg “O23 182.8 
500 2.7 63.69 5 Bet 
300 ll 55 ee S573 
200 ieee La 3 

Singapore 850 eae 9 od, 
700 ESS oe amo 2 oles 
500 ee 65.6 2 3307 
300 2e9 171.3 459.4 
200 oe 327.1 

Dar-es-Salaam 850 4.0 13.9 339.9 
700 Meet 264 2067 65 
500 SEZ 14.6 LOST 
300 13 S145 62 ote? 
200 fie 30.1 

Cocos Island 850 Zio 10.4 AOR 2 
700 21 14,5 Lise 
500 ieeo 15,4 Lo2 7 
300 is,0 26.0 37483 
200 lee 3 34.9 





TABLE XIV 


POWER SPECTRAL ESTIMATES FOR 6-7 DAY WAVES IN THE WINTER 
SEASON. VALUES WERE AVERAGED FOR FREQUENCIES .14 AND .16 
CHCLES PER DAY. 


Station Level u V T __Geopotential 

Gan 850 5. O Sas Si ae aa | 10.7 
700 3.8 341. a1 357.0 
500 Deo Fy aN MS 2702 7 
300 16.0 Dio oo 86 (a5) ts: 
200 ee . ieee 1.3 

Minicoy 850 2246/0 
700 O47 
500 169.8 
300 2 5 2D 
200 

Singapore 850 1 1336 
700 0 SUR 
500 ¢ 665.4 
300 1 240082 
200 0 

Dar-es-Salaam 850 1 22068 
700 0 1113.4 
500 0 860.4 
300 z 723689 
200 0 

Cocos Island 850 0 276 
700 0 Zens 
500 0 965.5 
300 0 21980.6 
200 0 





TABLE XV 


POWER SPECTRAL ESTIMATES FOR 6-7 DAY WAVES IN THE SUMMER 
SEASON. VALUES WERE AVERAGED FOR FREQUENCIES .14 AND .16 


CYVGLESs PER DAY. 


Station Level u Vv T Geopotential 

Gan 850 Te Pea OZ Omer 
700 Zeus 2 ee Oe.2 Dave 6 
500 3a Azo O,. § 1762.3 
300 Fires) Gyo 6«C 0. 4 186.6 
200 9.7 hee 1 

Minicoy 850 DeuO lice 0. 7 62.9 
700 9.5 Poe 0. 5 HB lho 
500 7 we Same LL gl PAIS SE 
300 7236 Zuoe) Le 913.2 
200 Teg foe, 1. I 

Singapore 850 4.2 270 0, 1 EAS eee 
700 Se ioe O04 80.5 
506 See 2eee) ON? 57.0 
300 See 22m | UL 7 148.8 
200 blero. ie ae 

Dar-es-Salaam 850 Debs Tes 0.5 209.28 
700 see Pee 18 LVO2 44 
500 6.6 S202 5 637.6 
300 LS Jae 0 «3 DDO 
200 i Ee es feo Mad 

Cocos Island 850 Lee), Sree 0 a4 87.5 
700 2.9 4.1 0.4 nes Bee: 
500 I 22 sao 0 4.3 65.4 
300 eis 10.6 0.9 120% 8 
200 poe, lzos, 1.0 


a 





TABLE XVI 


POWER SPECTRAL ESTIMATES FOR 4-5 DAY WAVES IN THE WINTER 
SEASON. VALUES WERE AVERAGED FOR FREQUENCIES .20 AND .22 
CM™CLES PER DAY. 


Station Level u Vv T Geopotential 

Gan 850 4.2 1.3 1.7 4.4 
700 2.0 1.9 Oe: 15. / 
500 3.8 Cris 0.5 Tse. / 
300 C5 3.6 24 295.6 
200 S38 6.3 0.7 

Minicoy 850 Lye Os 0.3 48.8 
700 3455 Lo 0.5 72. 8 
500 S22 40 0.4 13.4 
300 See A ey 0.9 TOS Gr..2 
200 2a yj 0.4 

Singapore 850 0.6 0...7 0.4 4.5 
700 es Pes) Onee 3445 
5606 0.6 IG 0.2 544.2 
300 3.0 Lez 0.6 880.0 
200 eA | 0.1 

Dar-es-Salaam 850 0.8 O06 0.5 132.4 
700 £20 Za 0.3 672-50 
500 Se oth L.3 0.2 413.2 
300 220 14 i 3297.0 
200 4.3 6.5 0.4 

Cocos Island 850 IRAE Less 0.2 ih, 9 
700 jee ae OZ 1e5e, 5 
500 5.0 45 O48Z 777.7 
300 349 61 0.7 11281.5 
200 Sed Ze 0.3 
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TABLE XVII 


POWER SPECTRAL ESTIMATES FOR 4-5 DAY WAVES IN THE SUMMER 
SEASON. VALUES WERE AVERAGED FOR FREQUENCIES .20 AND .22 
CYCLES PER DAY, 


Station Level u V T Geopotential 

Gan 850 . 0 0.5 O51 Diz 
700 1.4 3 O22 18.9 
500 a, 5 es: 0.4 1225.3 
300 2S Ts3 O22 13344 
200 5.9 aU O42 

Minicoy 850 Dae) 0.5 0.2 6252 
700 34 es, OL £5 3 
500 65 243 0.4 127.4 
300 a A Oc7 On 394.6 
200 Sr Se, 0.2 

Singapore 850 aes 9 Ge 1 iS eat) 
700 | eee Pee Oxe2 48.1 
500 I tO HLG.2-0 Ueno pore): 
300 6270 les) 1.0 LOZ 
200 3.9 9.3 0.1 

Dar-es-Salaam 850 0.9 Lae C26 £33% 5 
700 244 ey, 0.6 693.5 
500 1,9 SeaZ 0.2 Bove cll 
300 ae ee | 0.1 Ssh 
200 O42 9.8 0.3 

Cocos Island 850 3.4 Drees Giz 264.4 
700 S286 2a 0.2 46.3 
7200 3.0 Lo? 0.3 38.0 
300 IRR: Lok 0.9 109.6 
200 fee 4 4,8 On) 
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TABLE XVIITIA 


COHERENCE SQUARE BETWEEN 850 MB AND OTHER LEVELS IN HUN- 
DREDTHS FOR 10-17 DAY FLUCTUATIONS IN THE WINTER SEASON. 


VALUES > .15 AND 


mevEilo, RESPECTIVELY. 


Station 


Gan 
Gan 


Minicoy 
Manacoy 


Singapore 
Singapore 


Dar-es-Salaam 
Dar-es-Salaam 


Cocos Island 
Cocos Island 


Parameter 700mb 


u 40 
Vv 42 
Uu — 

Vv 68 
u 4S 
V 58 
u 47 
V Z0 
u 45 
V Sy 


40 


500mb 


300mb 


Z] 
20 


Pi JeaARE  STENTEPGANT AY THE 907 AND 957 


200mb 


1, 
26 






TABLE XVIIIB 


PHASE DIFFERENCE BETWEEN 850 MB AND OTHER LEVELS IN HUN- 
DREDTHS OF A CYCLE FOR 10-17 DAY FLUCTUATIONS IN THE WINTER 
SEASON. VALUES IN PARENTHESES ARE ASSOCIATED WITH COHERENCE 
SQUARE VALUES BETWEEN 90 AND 95% LEVELS OF CONFIDENCE. 


Station Parameter 700mb 500mb 300mb =200mb 


Gan u -02 (-07) -10 _ 
Gan Vv O1 _ 34 50 
Minicoy u - = - -45 
Minicoy V 05 ~11 ~ - 
Singapore u 04 00 - - 
Singapore V -10 -14 -44 -35 
Dar-es-Salaam u 00 — - (23) 
Dar-es-Salaam Vv -10 36 09 -25 
Cancos Tsland u 00 -O4 ~ — 
Cocos Island Vv -11 08 O1 = 
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TABLE XIXA 


COHERENCE SQUARE BETWEEN 850 MB AND OTHER LEVELS IN HUNDREDS 
FOR 10-17 DAY FLUCTUATIONS IN THE SUMMER SEASON. 


Station Parameter 700mb £500mb 300mb 200mb 
Gan u 19 19 30 2 1 
Gan Vv 18 ~ — 35 
Singapore u 59 43 - 19 
Singapore Vv se) 29 26 19 
Dar-es-Salaam u 15 - 43 Be 
Dar-es-Salaam Vv - - 52 20 
Cocos Island u 71 20 = ~ 
Cocos Island Vv 62 Lee 50 44 
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TABLE XIXB 


PHASE DIFFERENCE BETWEEN 850 MB AND OTHER LEVELS IN HUN- 
DREDTHS OF A CYCLE FOR 10-17 DAY FLUCTUATIONS IN THE 
SUMMER: SEASON. 


Station Parameter 700mb 500mb 300mb 200mb 
Gan u -19 -28 -21 -ll 
Gan Vv (05) - - i Le 
Singapore u 03 ae _ 46 
Singapore Vv -10 -07 -15 06 
Dar-es-Salaam u (-06) = 41 50 
Dar-es-Salaam Vv - - -34 19 
Cocos Island u -0O4 -16 - - 
Cocos Island Vv -07 -06 -05 -06 
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TABLE XXA 


COHERENCE-SQUARE IN HUNDREDTHS BETWEEN FLUCTUATIONS IN u 
AND v AT 850, 700, AND 300 MB IN THE 10-17 DAY PERIOD RANGE. 
VALUES > .15 AND .19 ARE SIGNIFICANT TO THE 90% AND 95% 
LEVELS, RESPECTIVELY. 


Station Season 850mb 700mb 300mb 
Gan Winter - ~ = 
Gan Summer 28 15 _ 
Minicoy Winter is) Zt - 
Singapore Winter 18 20 - 
Singapore Summer 16 26 - 
Cocos Island Winter Lee - 22 
Cocos Island Summer 49 ~ 49 
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TABLE XXB 
PHASE DIFFERENCE IN HUNDREDTHS OF A CYCLE BETWEEN FLUCTUA- 


TIONS IN u AND v AT 850, 700 AND 300 MB IN THE 10-17 DAY 
PERIOD RANGE. POSITIVE VALUES INDICATE v LEADS u. 


Station Season 850mb 700mb 300mb 


Gan Winter ~ - —- - 
Gan Summer -20 (-11) ~ 
Minicoy Winter (~37) Sil ~ 
Singapore Winter (~10) 12 ~ 
Singapore Summer (-08) 13 ~ 
Cocos Island Winter (-43) oa ~35 
Cocos Island Summer 44 ~ -19 
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Figure 2A. The monsoon shift at Minicoy shown in the time 
series of 850 mb meridional wind. B and C. The vertical 
profile of mean zonal wind at Minicoy for the winter and 
summer seasons. 
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Figure 3. Frequency response of high pass Gaussian filter 
with o = 8. 
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Figure 19. 
showing 6-7 day periodicity. 
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